The present study investigates the as-quenched mechanical properties viz, strength, ductility and sharp notch (Kic) as well as blunt notch (Charpy) toughness, of simple Fe/Cr/C alloys with and without titanium as a function of austenitizing temperature. For the ternary Fe/Cr/C alloys the results are consistent with earlier investigations, but the fracture toughness does not change with increasing austenitizing temperatures after 0.2 wt pct Ti is added. The titanium forms carbides (TIC) that did not dissolve, providing a roughly constant number of crack nucleation sites, and preventing austenite grain growth up to 1100~
IN recent years it has been reported 1-13 that the fracture toughness, Klc, of low alloy high strength steels may be increased by as much as a factor of two with no loss in strength, by austenitizing at temperatures greater than 1100~ prior to quenching. The advantage of the increased toughness is to increase the critical flaw size (that causes unstable crack propagation) by a simple change in heat treatment. Although a corresponding increase in Charpy impact energy might be expected, results for 4340,14,15 Fe/Cr/C, 9 En25, ~6 300M, 1~ and a low carbon Cr-Ni-Mn 17 steel have shown either no increase or a decrease in impact energy, or an increase in transition temperature ~7 after austenitizing at high temperatures in both the as-quenched and quenched and tempered (<350~ conditions. Increases in impact energy (<50 pct) have been reported 18 for lower carbon 4330 and 4130 alloys.
One of the basic differences between the Kic and Charpy test is the radius of the notch at the root of the crack, i.e., p ~ 0 mm for the Kic test and p = 0.25 mm for the Charpy test. By measuring the toughness of 4340 austenitized over the range 870 to 1200~ as a function of the notch root radius, Ritchie and Horn 19 have shown that the conventionally austenitized (870~ structure is tougher for root radii greater than 0.05 mm (0.002 in.), and the 1200~ structure tougher when p < 0.05 mm. This conclusion was shown 19 to be valid for both stress controlled (i.e., cleavage, quasicleavage and intergranular fracture modes) as well as strain controlled (i.e., microvoid coalescence or ductile rupture) fractures. For each structure the toughness is proportional to p~/2 when p isffreater than a critical radius Po. Rice Klc with increasing austenitizing temperature is interpreted to be due to coarsening of the microstructure and the consequent increase in characteristic distance. So far almost all the studies on the effect of austenitizing on toughness properties have been conducted on commercial steels wherein impurity effects and the large number of alloying elements could complicate the interpretation. Also, most of the alloy steels investigated viz,A1S1 4340, 300M, and so forth do not contain significant amounts of strong alloy carbide forming elements. In the presence of substantial amounts of these carbide forming elements, the role of the fraction of undissolved carbides on the toughness properties as a function of austenitizing temperature can be clearly established.
Thus the purpose of the present investigation is to study the effect of austenitizing temperature upon three high purity experimental steels of similar composition, Fe-4 wt pct Cr-0.35 wt pct C, Fe-4 wt pct Cr-0.30 wt pct C, and Fe-4 wt pct Cr-0.27 wt pct C-0.2 wt pct Ti. The Ti is added to produce stable TiC (up to 1200~ and higher) and thus it is hoped to study the influence of austenitizing temperature on toughness properties in the presence of a constant volume fraction of undissolved particles. The ternary Fe/Cr/C alloy contains submicron size chromium carbides that dissolve at 1000~ and do not prevent linear increases in grain size with austenitizing temperatures. The strength (Su, Sy), toughness (CVN, Kic), ductility (pct RA), and an apparent fracture toughness, I<A, are measured, and the critical strain to failure calculated using ISSN 0360-2133/79/0911-1273500.75/0 9 1979 AMERICAN SOCIETY FOR METALS AND VOLUME 10A, SEPTEMBER 1 979-1273 THE METALLURGICAL SOCIETY OF AIME Ritchie and Horn's 19 theory. The microstructure is characterized at the optical and electron optical levels and correlations are made between the mechanical properties and the observed microstructures.
This research is part of an ongoing alloy design program involving analyses of the effects of composition and heat treatment upon the microstructure and mechanical properties of low alloy high strength structural steels. 9,23-25'12'26-28 The basic ternary Fe/Cr/C alloy was originally selected by McMahon and Thomas 3,12 to offer good combinations of strength and toughness in both the as-quenched and quenched and tempered conditions after austenitizing at temperatures higher than normal industrial practice (1100 vs 870~ Subsequent research has shown that such steels can be modified with Mn or Ni to produce quite superior combinations of strength and toughness. 2~
EXPERIMENTAL PROCEDURE A. Material Preparation
The three alloys used in the investigation had the following compositions: alloy I Fe/4 wt pct Cr/0.30 wtpct C, referred to as the 0.3 pct C alloy, alloy II Fe/4 wt pct Cr/0.35 wt pct C, referred to as the 0.35 pct C alloy, and alloy III Fe/4 wt pct Cr/0.27 wt pct C/0.2 wt pct Ti and will be referred to as the 0. 
B. Heat Treatment
Specimens were cut from the plate stock and rough machined to oversized dimensions before being austenitized in a vertical tube furnace filled with a positive pressure of argon gas to minimize decarburization. Austenitizing temperatures of 1290, 1200, 1100, 1000, and 870~ were used and will be referred to as the 1290, 1200, 1100, 1000, and 870~ structure, respectively. The specimens were quenched into agitated oil at room temperature after solution treatment, and subsequently ground to final dimensions under flood cooling to remove the decarburized layer. Compact tension specimens according to ASTM STP E399-74 were tested. The thickness of the specimens was greater than 2.5 (Kv//ays) 2 for all alloys and heat treatments investigated. Fatigue precracking and final testing were performed in the hydraulic MTS testing machine. The crack propagation in toughness specimens corresponds to L-T orientation. After heat treatment the Charpy specimens were ground to standard specifications under flood cooling.
Error bars are shown in the graphed results when more than one specimen was tested and represent minimum 75 pct confidence limits. With the exception of mechanical tests performed on Charpy bars two specimens were tested for each heat treatment for each alloy.
D. Metallography
Light and electron metallography was carried out on all specimens, by using sections cut from broken Charpy or fracture toughness specimens.
Single stage carbon extraction replicas were made from the etched optical metallographic specimens in order to determine the size, number and type of submicron particles. Several hundred angstroms of carbon were deposited on the specimens in vacuo, and scored with a razor blade into 2 x 2 mm squares. A solution of 10 pct perchloric acid in CH3COOH at a potential of 20 V was used to electrochemically remove the carbon film carrying the extracted carbides. The films were then transferred individually into successively more dilute solutions (50, 20, I0, 0 pct) of CH3COOH in H20 before being fished out onto 200 mesh copper grids and dried on filter paper. A Siemens 1A electron microscope operated at 100 kV was used to examine the specimens. The types of particles present were determined by analyzing the diffraction patterns.
Specimens for thin foils were obtained from 0.020 in. (5.08 • 10 -4 m) thick slices cut from Charpy or fracture toughness samples with a 0.008 in. (2.03 • 10 -4 m) thick abrasive wheel under flood cooling. Prior to spark cutting into discs of the appropriate size the slices were chemically thinned to 0.004 in. (1.01 • -a m) in a solution containing a few drops HF per 100 ml of HeO2. The discs were ground on 600 grit abrasive paper under flood cooling to a thickness of 0.0015 in. (3.81 • 10 -5 m) before electropolishing in a solution of 400 ml CH3COOH, 75 g CrO3, and 21 ml H20 at a potential of 20 to 35 V. The foils were examined in either a Siemens IA or Jem 7A electron microscope operated at 100 kV. The fracture surfaces were examined in either a JSM-U3 operated at 25 kV, or an AMR scanning electron microscope equipped with an EDAX X-ray detection system operated at 20 kV.
RESULTS

A. Microstructure
The microstructure of all three alloys for all heat treatments was autotempered dislocated lath martensite as described by Das and Thomas 2S and Thomas. e8 Figures 1 to 3 are typical examples. The primary difference between the titanium and nontitanium steels was the carbide morphology. 
